Two critical properties of stem cells are self-renewal and multipotency. The maintenance of their "stemness" state and commitment to differentiation are therefore tightly controlled by intricate molecular networks. Epigenetic mechanisms, including DNA methylation, chromatin remodeling and the noncoding RNA-mediated process, have profound regulatory roles in mammalian gene expression. Recent studies have shown that epigenetic regulators are key players in stem cell biology and their dysfunction can result in human diseases such as cancer and neurodevelopmental disorders. Here, we review the recent evidences that advance our knowledge in epigenetic regulations of mammalian stem cells, with focus on embryonic stem cells and neural stem cells.
Introduction
Stem cells refer to the cells that have two fundamental properties that define their "stemness" characteristics: self-renewal and multipotency. During development, stem cells and resulting progenitor cells are responsible for generating all the tissues and cells of an organism. In adult, stem cells exist in many tissues throughout life and may play critical roles in tissue regeneration and repair. Mammalian embryonic stem cells (ESCs) derived from the inner mass of the embryonic blastocyst are pluripotent, which means that they have the ability to generate all types of cells in an adult animal. Tissue-specific stem cells have limited ability for differentiation and generally are committed to create the mature cells in the tissues where they reside. For example, neural stem cells (NSCs) could give rise to major cell types in the central nervous system (CNS), including neurons, astrocytes, and oligodendrocytes, whereas hematopoietic stem cells (HSCs) have the potential to produce all lineages of blood cells, such as Erythrocytes, B-lymphocytes, T-lymphocytes.
The development of a mammalian organism begins from the zygote (fertilized egg). The zygotye is totipotent, which means that it has the potential to develop into a complete organism, as well as extra embryonic tissues. The first visible cell differentiation in a developing zygote is the formation of the blastocyst that consists of trophoblasts, inner cell mass, and blastocyst cavity [1] . ESCs are experimentally derived from inner cell mass of blastocysts by following specific in vitro culture conditions. The closest resemblance, but not identical counter part, of ESCs in vivo is epiblasts that appear at E6-6.5 (embryonic day) in mice. Under an optimal in vitro maintenance condition, ESCs are pluripotent with the ability to generate stem cells and subsequent differentiated cells of all three germ layers, ectoderm, mesoderm, and endoderm both in culture dishes and upon transplantation into developing embryos [1] . Unlike the zygote, ESCs can not differentiate into extra-embryonic tissues such as yolk sac [2] . ESCs are ideal stem cells for both research and cell-based therapies both because that they can be cultured almost indefinitely without altering their stem cell properties and because that they have the potential to regenerate all types of cells and organs in an adult animal or a human being.
However, despite great public interest and significant scientific advances in understanding ESCs, many critical questions remain. How do ESCs maintain their pluripotency? During ESC differentiation, how are those genes essential for pluripotency silenced, while other genes specific for differentiated cells activated? How do some of the genes essential for pluripotency become silenced during fetal development but are expressed again in the next generation germ cells? These are some of the most critical questions that need to be answered in ESC field.
Neurogenesis is defined as the process of generating new neurons from NSCs, which consists of the proliferation and fate determination of NSCs, migration and survival of young neurons, and maturation and integration of newly matured neurons [3, 4] . To date, it is well accepted that adult mammalian brains have two regions with persistent neurogenic capabilities: one is the subventricular zone (SVZ) in the lateral ventricle and another one is the subgranular zone (SGZ) in the dentate gyrus of the hippocampus. The presence of neurogenesis in these two regions have been demonstrated in many species including primates [5, 6] and humans [7, 8] . Due to a lack of NSC-specific marker, the identity of true NSCs in vivo is still unclear. Experimental evidence suggests that adult NSCs may have originated from neuroepithelial cells or radial glia during initial neurogenic phase of embryos. These cells evolve into a subset of astrocytes that preserve their stem cell properties in the neurogenic niche of adult brains [9] . Recent advances have revealed that many mechanisms are involved in the regulation of neurogenesis: physiological activities including running, learning and memory, and enriched environment [10] ; hormones [11] ; growth factors such as Fgf and Vegf [12, 13] ; transcription factors such as Tlx [14] , Bmi-1 [15] , and Sox2 [16] [17] [18] ; and diseases including epilepsy [19] and stroke [20, 21] .
One fundamental question in understanding neurogenesis is why the adult brain has such limited neurogenic potential compared to that in the embryonic brain. The reason might be that adult neurogenesis is mechanistically different from embryonic neurogenesis. For adult neurogenesis, multipotent NSCs are in intimate contact with the surrounding glia and the fate of NSCs is affected by their microenvironment (so-called "stem niche") [22] [23] [24] [25] . For example, mice lacking sonic hedgehog [26] , Tlx [14] , Bmi-1 [15] , and Mbd1 [27] have profound deficits in postnatal neurogenesis but not in embryonic neural development. In addition, adult NSCs also process different intrinsic properties as compared to their embryonic counterparts. For example, isolated embryonic NSCs can generate much more diverse types of neurons than adult NSCs upon transplantation into embryonic brains [28] . This is likely due to the differences in the genetic and epigenetic programs between adult and embryonic NSCs. Consistent with this, we found that Mbd1 −/− adult NSCs expressed abnormally higher levels of basic fibroblast growth factor (Fgf-2) and exhibited increased aneuploidy while NSCs isolated from Mbd1 −/− embryonic day 14 (E14) or neonate (P1) brains did not [27] . Understanding the molecular mechanism of adult neurogenesis and adult NSCs is a critical step towards their therapeutic applications. Although significant advances have been achieved concerning the biology of stem cells, how stem cells maintain their "stemness" remains to be answered. Recently, epigenetic regulations of development and cell fate determination have come to the center stage of stem cell biology and we will review how epigenetic mechanisms could determine 'stem cells signature' and play crucial roles in regulating gene expression and stem cell functions.
DNA Methylation and Epigenetic Reprogramming
The concept of epigenetics has been evolving since the first day it was proposed. Today, Epigenetic modifications refer to meiotically and mitotically heritable changes in gene expression that are not coded in the DNA sequence itself [29] . In mammals, epigenetic processes mainly include DNA methylation [30] , histone modification [31] , and noncoding RNA-mediated processes [32] (Table 1) .
DNA methylation is a covalent modification of cytosine at position C5 in CpG dinucleotides. In mammals, over 70% of CpG dinucleotides are methylated and nearly all DNA methylation occurs on CpG dinulceotides that are underrepresented in the genome with the exception of CpG islands (CpG clusters). Unmethylated CpG islands are usually found in the promoters and the first exons [33] . DNA methylation is catalyzed by several DNA methyltransferase (DNMTs). The de novo establishment of DNA methylation relies on DNMT3a and 3b, whereas the maintenance of DNA methylation depends on DNMT1 that specifically recognizes semimethylated DNA and methylates the remaining strand [34, 35] . DNMT2 does not have methyltransferase activity and its function is not clear [37] . DNMT3L (DNMT3-like) lacks enzymatic activity, but could act as a cofactor for DNMT3a and 3b and modulate their enzymatic activity. In addition to its methyltransferase activity, DNMT1 can also form a complex with HDACs and act as transcriptional repression factor, suggesting that DNMTs may have more complex functions than catalyzing genomic DNA methylation [35, 36] . Compared to DNA methylation, our knowledge of DNA demethylation is much more limited. It has been reported that MBD2 has DNA demethylase activity [38] , however, it remains controversial whether DNA demethylation is reversible and dynamically regulated.
Mammalian DNA methylation has been implicated in a diverse range of cellular functions, including tissue-specific gene expression, cell differentiation, cell fate determination, genomic imprinting, and X chromosome inactivation [39] . Dnmt3a −/− mice displayed normal developmental phenotype at birth, but died at about 4 weeks after birth. Dnmt3b −/− mice exhibited developmental defects including growth impairment and rostral neural tube defects with variable severity at later stages [40] . In human, DNMT3b mutation results in immunodeficiency, centromere instability, and facial abnormality (ICF) syndrome with severe mental retardation [41, 42] . DNA methylation represses gene transcription either through directly blocking the access of transcription factors to their binding sites or through indirectly recruiting methyl-CpG binding proteins (MBDs). MBDs family includes at least MBD1, MBD2, MBD3, MBD4, MECP2, and Keiso [43] . Mbd1 −/− mice have reduced neurogenesis and learning deficits [27] while Mbd2 −/− mice has a reduced intestinal tumorigenesis, defect in cytokine production, and impaired maternal behavior [44, 45] . Mbd3 −/− mice are embryonic lethal [46] , whereas mutation of Mbd4, a DNA repair protein, leads to increased tumor incidence on susceptible genetic background [47] . Mutations in MECP2 leads to neurodevelopmental deficits in both humans (Rett Syndrome) and in rodents [48, 49] .
DNA methylation during embryonic reprogramming and in ESCs
DNA methylation patterns are dynamically regulated both during normal development and in diseases and properly established and maintained DNA methylation is critical for embryonic development [50] . Upon fertilization, the paternal genome is rapidly and actively demethylated whereas the maternal genome is slowly and passively demethylated. Then both genomes reach their peak methylation levels at the balstocyst stage, with the genome of the inner cell mass reaches the level of DNA methylation similar to somatic cells of the adult while that of trophoblasts has relatively lower methylation level [51] . DNA methylation levels and patterns are abnormal in many cloned animals especially in their trophoblasts, which could be a major reason for the low efficiency in animal cloning [52] . The second phase of DNA methylation change occurs in the primordial germ cells (PGCs) [53] . PGCs are generated from epiblasts and first arise in the posterior primitive streak on E7.5 in mice. Early PGCs have the same epigenetic marks as those of other epiblasts, including random X chromosome inactivation, imprinted gene expression and DNA methylation. On E8.5, PGCs migrate towards the genital ridge and arrive there by E11.5. During the migration, PGCs erase genome-wide DNA methylation and histone H3 lysine 9 di-methylation (H3K9me2), and instead acquire high levels of tri-methylation of H3K27 (H3K27me3), and re-obtain the totipotency [53] .
The biphasic methylation is an essential component of epigenetic reprogramming and a critical step of embryonic development. ESCs express a cohort of genes specific to their pluripotent property such as Octamer binding transcription factor 4 (OCT4), SOX2, and NANOG. These genes are master regulators that control the expression of distinct yet overlapping downstream genes critical for stem cell properties and cell lineage determination [54] . Recent exciting discoveries showed that exogenous expression of OCT4, SOX2, c-MYC-and KLF4 could induce pluripotency in fibroblasts derived from either embryonic or adult mice or humans [55] [56] [57] [58] . These induced pluripotent stem cells (iPS) exhibit many in vitro properties as ESCs but with differential in vivo pluripotency depending on their epigenetic programs. The iPS cell lines have high level of DNA methylation pattern at Oct 4 promoter similar to that of fibroblasts exhibit low germ line transmission efficiency, whereas the iPSs that exhibit low OCT4 promoter methylation similar to that of ESCs have high germ line incorporation efficiency [57, 59] . Although it is not clear how the introduction of these genes could result in epigenetic changes during the induction of iPS and it is very likely that the mechanisms underlying the epigenetic changes are different between ESCs and iPS, these studies suggest that epigenetic mechanism is a critical component in defining the "stemness" of ESCs.
DNA methylation in NSCs
During the embryonic stage of brain development, neurogenesis and gliogenesis appear in a temporally defined sequence [28] . Neurons appear first (around E10 in mice) and astrocytes are generated afterwards (around E15 in mice). Recent studies have revealed some potential mechanisms underlying this developmental control. It is well established that gp130-STAT3 signaling pathway promotes embryonic NSCs (neuroepithelial cells) to differentiate into astrocytes [60, 61] . Interestingly, STAT3 binding site in the GFAP promoter is methylated at E11.5 in neuroepithelial cells, which blocks the binding of STAT3 to the GFAP promoter hence astrocytic differentiation. The same GFAP promoter becomes hypomethylated at E14.5, which allows the binding of STAT3 and the expression of astrocytic genes at later developmental stage [61] [62] [63] . The GFAP promoter and Exon 1 are also highly methylated in neurons which inhibit the expression of astrocytic gene in neurons [64] . Dnmt1 deficiency in NPCs of developing CNS (E9-10) induces DNA hypomethylation in over 90% of the CNS cells. Due to hypomethylation and over-activation of the gliogenic pathway JAK-STAT pathway, glial cell generation is significantly increased [65] .
How DNA methylation regulates adult neurogenesis is less understood. It is possible that differential epigenetic mechanisms are modulating adult NSCs compared to their embryonic counter parts. The essential roles of DNA methylation in adult neurogenesis was first revealed in Mbd1 knock out mice. Mbd1 −/− mice did not have detectable deficits during early development, but adult Mbd1 −/− NSCs exhibit reduced neuronal differentiation and increased genomic instability [27] . Furthermore, Mbd1 −/− mice exhibit decreased neurogenesis and impaired spatial learning [27] . Recently, we found that Mbd1 regulates neurogenesis and neuronal differentiation through regulating the expression of a stem cell mitogen, basic fibroblast growth factor (Fgf-2). In the absence of Mbd1, the promoter of Fgf-2 in NSCs was hypomethylated and the level of stem cells-expressed Fgf-2 was increased (Li et al., unpublished data). Overexpressing Fgf-2 promoted proliferation but inhibited the differentiation of adult NSCs (Li et al., unpublished data). During cell differentiation, MECP2 expression is increased and its expression levels correlate with neuronal maturation [66] . Although the generation of new neurons is not affected by Mecp2 mutation, the maturation of young neurons is severely affected [66] [67] [68] . DNMT3a protein is strongly expressed in neural precursor cells, post-mitotic CNS neurons, and oligodendrocytes, but only weakly expressed or completely absent in astrocytes [69] . The expression pattern of Dnmt3a and the fact that mice lacking Dnmt3a die within a few weeks of birth suggest a critical role of Dnmt3a in neurogenesis and CNS development [70] . These studies demonstrate that DNA methylation is necessary for the normal embryonic neurodevelopment.
More than 90% of methylated Cytosines in the human genome occur in retrotransposon, and DNA methylation represses the transcription of transposable elements. Long interspersed nuclear element-1 (LINE-1 or L1) elements, which comprised about 20% of mammalian genomes, are the major class of non-long terminal repeated (LTR) retrotransposons. It has been found that MECP2 silences L1 transcription and L1 retrotransposition [71] . One recent study found that during the differentiation from neural precursor cells to neurons L1 retrotransposition events alters the expression of neuronal genes, and influences neuronal cell fate [72] . DNA methylation could modulate NSC differentiation through its regulation of L1 retrotransposition.
Histone Modifications and the Chromatin State of Stem Cells
In eukaryotic cell, 146 bp DNA wraps histone octamer to form the nucleosome, the basic unit of chromatin. Chromatin has two different states: Euchromatin and Heterochromatin. Euchromatin is enriched with actively transcribed genes and is less condensed. Compared with Euchromatin, heterochromatin contains largely repetitive sequences and few transcribed genes, and is highly condensed. Heterchromatin is largely localized at centromere and telomere [73] and can also influence expression of euchromatin genes in a region-specific and sequenceindependent manners. Heterochromatin structure and maintenance are essential for cellular genomic stability and important cellular processes such as accurate chromosome segregation during mitosis, X-chromosome inactivation, and correct repression and expression of imprinted genes, etc [74] .
Compared with DNA methylation, the post-translational modifications of histone display high levels of diversity and complexity. The core histones H2A, H2B, H3, and H4 are subject to dozens of different modifications, including acetylation, methylation, and phosphorylation, etc [75] . Among these modifications, lysine (K) acetylation and methylation are the bestunderstood histone modifications. Lysine acetylation is generally involved in gene activation, whereas the effects of lysine methylation depend on the lysine residues. For example, methylation of H3K4 [76] , H3K36 [77] , or H3K79 [78] correlates with the active gene transcription, but methylation at H3K9, H3K27, or H4K20 usually links to gene repression. In addition, mono-, di-, and trimethylation at the same Lysine residues lead to different levels of gene activation or repression and are involved in distinct cellular pathways. The term "histone code" highlights the importance of histone modification in gene expression regulation.
Critical roles of histone modification enzymes
The initial histone modification studies were focused largely on histone acetylation that is catalyzed by two opposing enzymes, histone acetyltransferease (HAT) and histone deacetylase (HDAC). To date, at least 6 HATs and HAT complexes and 18 HDACs have been identified in mammals [79, 80] . Many active transcription factors either recruit HATs or utilize their own internal HAT domains (e.g. CREB binding protein) to catalyze H3 and H4 acetylation and lead to accessible chromatin structure and gene activation. On the other hand, HDAC is frequently involved in gene repression. For example, Neuron-specific genes share the conserved 21-23-base pair DNA response element, RE-1 (repressor element 1). Neuronal restricted silencing factor (NRSF) binds to RE-1 and forms a repressing complex which mediates the repression through recruiting HDAC1/2 and Sin3A [81] [82] [83] [84] . REST is expressed in ESCs and the differentiation of ESCs into neural progenitors and neurons requires the degradation of REST [81] . Treatment of adult hippocampal neural progenitors by Valproic acid (VPA), an HDACs inhibitor, lead to increased neuronal differentiation, but decreased astrocyte and oligodendrocyte differentiation [85] . More recently, it was found that VPA treatment leads to decreased seizure-induced neurogenesis through regulating REST and its target genes [86] . In the developing brain, VPA administration also induces the significant hypomyelination and delays the differentiation of oligodendrocytes through inhibiting the activity of HDACs [87] . Additionally, the development of corpus callosum is companied with the histone deacetylation [87] .
Similarly, histone methylation and demethylation enzymes are also involved in cellular functions. One of the best studied histone methylation is the methylation of H3K9 by SUV39h, SetDB (mouse ESET), and G9a. These enzymes are recruited to methylated DNA, likely by MBDs, and catalyze methylation of the histones, followed by the binding of HP1 to form heterochromatin structure [88, 89] . In ESCs, proper H3K9 methylation is critical for regulated expression of imprinted genes [90] . Recently, the discovery of histone demethylases has greatly advanced our understanding in chromatin-mediated gene regulation [91] . For example, Lysinespecific demethylase 1 (LSD1) stimulates androgen-receptor-dependent transcription; however, knockdown of LSD1 protein levels abrogates androgen-induced transcriptional activation and cell proliferation through relieving repressive histone marks by demethylation of H3K9 [92] . Chromatin remodeling conducted by chromatin remodeling enzymes is likely an integral part of classical transcription activation and repression.
PcG proteins and bivalent chromatin state
Polycomb Group (PcG) proteins are originally identified in the fruit fly as repressors of Hox genes. PcG proteins form three complexes: Polycomb repressive complex 2 (PRC2), PRC1, and PhoRC [93] . PRC2 is involved in the initiation of silencing and contains histone deacetylase and histone H3K27 methyltransferase activities, and PRC1 is implicated in maintaining gene repression [94] . One of the most exciting recent discoveries is the involvement of PcG proteins in stem cell function by forming and maintaining the bivalent chromatin state of stem cells [95, 96] .
It has long been proposed that histone modification patterns could define the state of the genome during development and cellular transformation [50] . The discovery of "bivalent" state in ESCs has revolutionized our understanding in the regulation of gene expression. In ESCs, while ESCspecific genes are marked by histones related to gene activation, those genes related to downstream differentiation are occupied by both active (methylated-H3K4) and repressive (trimethylated-H3K27) chromatin markers [97, 98] . This so called "bivalent chromatin state" allows the cell/tissue-specific genes to be 'primed' for expression but 'held in check' by opposing chromatin modifications [95, 96] . A more recent study using genome wide chromatin analyses of ESCs, NSCs, and embryonic fibroblast indicate that such bivalent state is not unique to ESCs [90] . In NSCs, which are more restricted stem cells compared to ESCs, bivalent chromatin state still exists but on different sets of genes. In NSCs, those ESC-specific genes are occupied by methylated-H3K9 that is permanent repressive marks, but the genes important for downstream neuronal and glial differentiation are marked by bivalent chromatin marks. Therefore, bivalent chromatin state is likely a common mechanism in many types of stem and progenitor cells for maintaining their differentiation potential and PcG proteins are critical factors in this regulatory mechanism. In fact, the disruption of some members of PRC1 or PRC2, such as Suz12, has been shown to result in embryonic lethality [99] . In ESCs, PcGs repress many developmental regulators, such as components of transforming growth factor-β, bone morphogenic protein, and Wnt signaling pathways [100] . Bmi-1, a component of PRC1, is expressed in the germinal zone of adult brains, as well as in neural progenitors, but not in differentiated cells, and is required for the self-renewal of subpopulations NSCs through repressing the expression of p16 Ink4a -Rb and p19 Arf -p53 pathways [15, 101] . Bmi-1 mutant mice exhibit progressive postnatal growth retardation and neurological defects [102] , which is possibly related to the decreased proliferation of progenitor cells in the newborn cortex and the newborn and adult SVZ, [15] , and increased astrocytes production in vivo and in vitro [103] .
Noncoding RNAs and Translational Regulation
Transcription factors are essential players in regulating stem cells functions [104, 105] . Recently, post-transcriptional gene regulation is emerging as another essential regulator of stem cell development [106] . It is likely that the coordinate regulation of gene clusters relies on transcriptional regulation for both initial expression and post-transcriptional control for refinement. In 1960s, messenger RNAs (mRNAs) were demonstrated to carry the genetic information, while ribosomal RNAs (rRNAs) and transfer RNAs (tRNAs) that did not code protein but facilitated the protein synthesis were termed as non-coding RNAs. Twenty years later, small nuclear RNAs (snRNAs) were isolated and found to be involved in pre-mRNA splicing. Today, non-coding RNA world has changed dramatically and some new members, such as microRNAs (miRNAs), small nucleolar RNAs (snoRNAs), short interfering RNAs (siRNAs), repeat-associated small interfering (rasi) RNA, and PIWI interacting RNA (piRNA) etc have been discovered. The biological functions of most of these newly discovered noncoding RNAs are just revealed.
The biogenesis and functions of miRNAs are the best studied among these newly discovered noncoding RNAs. The gene encoding miRNA is transcribed into primary miRNA by RNA polymerase II, and primary miRNA is then processed by RNase III Drosha into 70-100 nucleotide precursor miRNA. Precursor miRNA is transported into cytoplasm by exportin-5 and further processed by RNase III Dicer to form mature miRNA [107] . Mature miRNAs are single-stranded and composed of 17-25 nucleotides. Nearly 500 known human miRNA sequences have been identified. miRNAs incorporate into a miRNA-induced silencing complexex (miRISCs), and directs miRISC to the target mRNAs based on sequence homology, and leads to either degradation of mRNA or the translational suppression of target genes by pairing with sequences in the 3′ untranslated region of target mRNA [107] [108] [109] . miRNAs are especially attractive candidates for regulating stem cell functions. Because miRNA can repress genes expression based on imperfect match, they can simultaneously regulate many targets, allowing for coordinated control of many genes during stem cell differentiation. Dicer mutant mouse embryos die at as early as E7.5 [110] . Dicer-deficient ESCs fail to differentiate both in vitro and in vivo and exhibit defects in both DNA methylation and histone modification patterns [111] . Argonaute proteins (AGO1-4) are key components of RISC complexes for miRNA pathway and have been shown to be required for maintaining germline stem cells in Drosophila, C. elegans, and mice [112] . The loss of Eif2c2, one of the Argonaute proteins, leads to neural tube closure defect, demonstrating the critical function of miRNA pathways in mammalian CNS development [113] . miRNAs are involved in multiple cellular activities, including developmental timing, cell death, cell proliferation, haematopoiesis, apoptosis, neural patterning and cell specification [108, 114] . Distinct miRNAs are specifically expressed in ESCs, neural progenitor cells and then neurons indicating a role for miRNAs in the nervous system development and stem cell biology [115] . The function of individual miRNA in mammalian neurodevelopment has also been explored. miR-124a and miR-9 are found to affect ESC-derived neurogenesis [116] . As a proposed mechanism of such action, miR-124a could down-regulate phosphatase small Cterminal domain phosphatase 1 that inhibits the neurogenesis [117] . miR-134 is specifically expressed in the brain and its expression increases during the development. Studies also revealed that miRNAs, such as miR-134, regulate the synapse development, including synaptic protein synthesis [118, 119] . miRNAs are especially abundant in the adult brain, suggesting a key role for them in neuronal function and plasticity [106] . Components of the miRNA biogenesis machinery are expressed in brain regions that have ongoing neurogenesis and expression of several miRNAs coincide with the onset of neurogenesis and/or gliogenesis [120] [121] [122] . Furthermore, It has been shown that REST regulates the transcription of miRNAs, such as brain-specific miR-124a [123] . During the neuronal differentiation process, the level of REST decreases while the expression of miR-124a, suggesting that REST-mediated expression regulation of miRNA could play important roles in NSC differentiation.
Crosstalks Among Epigenetic Mechanisms
The crosstalk among epigenetic pathways was initially established in invertebrate animals and plants, and later confirmed in mammals. In Arabidopsis thaliana, the mutation of KRYPTONITE, a gene coding H3K9 methyltransferase, leads to the loss of Cytosine DNA methylation, which resembles the phenotype produced by the mutation of DNA methyltransferase CMT3 [124] . Heterochromation is repressive for gene transcription and is characterized by DNA methylation and enriched H3K9 trimethylation and hetrochromation protein 1 (HP1). The formation and maintenance of heterochromatin require the coordination of DNA methylation, H3K9 methylation, and RNAi machinery [125] . The first evidence for the crosstalk between DNA methylation and histone modification in mammals is provided by studying Suv39h mutant mice. In Suv39h1 mutant ESCs, Dnmt3b failed to localize to pericentric heterochromatin regions which lead to decreased DNA methylation [126] . Although one study reported a contradictory result [127] , MECP2 has been shown to recruit the Sin3-HDAC complex to methylated DNA and this effect could be reversed HDAC inhibitor, trichostatin A [128, 129] .
Functional interaction between small noncoding RNAs and other epigenetic mechanisms in gene expression regulation have recently been demonstrated in plants and invertebrates. Double strand RNA can induce both DNA and histone methylation in plants and yeast [130] . Small RNAs can, therefore, lead to mitotically heritable transcriptional silencing by the formation of heterochromatin in yeast [131] [132] [133] . However, the crosstalk between small noncoding RNA pathway and other epigenetic mechanisms in mammals have only been shown in a few examples. Clustered miRNAs have been found to be localized in imprinted regions of human and mouse genome, suggesting potential roles of DNA methylation in regulating the expression of these miRNAs [134] . Saito et al found that treatment by DNA methylation inhibitor 5-aza-2′-deoxycytidine and histone deacetylase (HDAC) inhibitor 4-phenylbutyric acid lead to increased expression of some miRNAs in human cancer cells [135] . Mecp2 deficient neurons have altered expression levels of a subset of miRNAs [115] . On the other hand, DNMT3a, 3b and DNMT1 have been proposed as potential regulatory targets for miRNAs [136] . We have found that Mecp2 mutation leads to altered expression of a cohort of miRNAs in adult NSCs (Szulwach and Li et al, unpublished observation). These data, along with the heterochromatin deficits in Dicer mutant mice [111, 137] , suggest that functional interaction between small RNA and epigenetic modulations is likely a critical mechanism regulating mammalian gene expression.
Concluding Remarks and Perspectives
Recent progress in understanding the establishment and lineage differentiation of stem cell has revealed important role of epigenetic regulations in these processes. It is evident that epigenetic mechanisms are essential for maintaining stem cell signature. While DNA methylation, histone modification and non-coding RNAs may regulate different molecular aspects of stem cells, these epigenetic mechanisms interact with each other and constitute a network that is critical for the function of stem cells and mammalian development (Figure 1 ). Further studies should lead to better understanding of how these epigenetic mechanisms and genetic information coordinately regulate the gene activation and repression at both global and individual gene levels. Newly developed technology with high throughput and high sensitivity capabilities will significantly assist in this endeavor. Better understandings in stem cells and brain development will ultimately help to elucidate the underlying causes and possible treatment of many neurodevelopmental disorders.
FIG. 1.
Schematic summary of epigenetic mechanisms that define the signature of stem cells and progenitor cells Left panel, in ESCs, ESC-specific genes have lower DNA methylation levels and are occupied by active chromatin markers such as H3K4me that correlate with their active transcriptional state. Both ESC specific mRNAs and miRNAs are transcribed to maintain the stemness of the ECSs. The genes that are expressed in terminally differentiated cells are methylated and occupied by repressive chromatin marker (H3K27me, hatched circle. However, those genes that are expressed in early differentiating progenitors (NSCs as example) are associated with both active (H3K4me, open circle) and repressive (H3K27me, hatched circle) chromatin markers that define a bivalent histone state, which could be a signature of cells with differentiation potential. Right panel, in NSCs, those genes that are specific for either ESCs or non-neural lineages are occupied by repressive chromatin marker (H3K27me) and are not expressed. While those genes that are specific for NSCs are associated with active chromatin markers (H3K4me) and are expressed. Those genes that will be expressed in more differentiating neural cells (neurons as example) are associated with both active (H3K4me, open circle) and repressive (H3K27me, hatched circle) chromatin markers that define a bivalent histone state, Therefore the bivalent state is a dynamically changing process that is specifically associated with the stage of the cellular differentiation. Many epigenetic factors are critical in defining and regulating the epigentic state of the above. These factors include but not limited to DNMTs (DNA methyltransferases). HMT (Histone methyltransferase). PcG (Polycomb protein, with H3K27 methyltransferase activity), TxG (Trithorax protein, with H4K4 methyltransferase activity), HDM (histone demethylase).
